Transport of charge carriers from electrodes to the zone of most efficient recombination is an essential part of operation of OLEDs. Transient electroluminescence (TrEL) is the important experimental method of investigations of charge transport in single-layer OLEDs (Pinner et al., 1999) , where application of TOF method is difficult. Initial rise of TrEL in single-layer OLEDs based on organic material with strong asymmetry of mobilities is controlled by incoming flux of carriers with higher mobility to the recombination zone. The present methodology of TrEL analyses is usually based, however, on the questionable assumption that transport of charge carriers in OLEDs can be described in terms of time-independent mobility and diffusion coefficients (see, for example, Pinner et al., 1999) . The main computational method in GDM is the Monte-Carlo numerical simulation. However, simulating the effect of positional disorder is a notoriously difficult and timeconsuming task, especially at low field strengths and temperatures (Bässler 1993) . This problem can be overcome by analytic modelling. Theoretical description of hopping transport can be greatly simplified by means of the concept of effective transport energy (see, for example, Monroe, 1985; Baranovskii et al., 2000; Arkhipov et al., 2001a) . The effective transport energy is analogous to the mobility edge in the multiple-trapping (MT) model, while deeper LSs can be considered as traps. This concept allows adapting the earlier results of MT model (Arkhipov & Nikitenko, 1989) for the hopping. In the recent work an analytic theory of non-equilibrium hopping charge transport in disordered organic materials, based on the concept of effective transport energy (see section 2 of this chapter), is proposed. Previously this concept has not been applied for the general case of non-equilibrium hopping transport, only the asymptotic regimes of quasi-equilibrium (Arkhipov & Bässler, 1993a) and extremely non-equilibrium (dispersive) (Arkhipov & Bässler, 1993b) hopping (long and short times after generation, respectively) have been considered analytically. In this chapter this theory is described briefly (section 3) with special emphasis on transport in thin samples, e. g. used in OLEDs. Results of the theory are in good agreement with both TOF experiments for molecularly doped polymers and Monte-Carlo simulations of GDM (Bässler, 1993; Borsenberger et al., 1993; Borsenberger & Bässler, 1994) , see section 4. In the section 5 the theory applied to the modelling of initial rise of TrEL from a single-layer OLED Nikitenko et al., 2008) both in injection-limited (IL) and space-charge limited (SCL) transport regimes. A method for determination of TrEL mobility is proposed.
Effective transport energy
An inherent feature of disordered materials is a broad distribution of LSs in energy and mutual distances. The energy distribution of states (DOS) is described by the distribution function   g E . The appropriate choice for organic materials is the Gaussian DOS,
Analyses of transport in disordered materials can be greatly simplified by the concept of transport energy. It rest on the notion that (i) for the typical case 1 kT   charge transport is controlled by thermally activated jumps from LSs in a deep tail of g(E) and (ii) for these jumps the energy of target state E trans does not depend on the energy of initial state E, if E<<E trans since g(E) decreases drastically to lower energies. The states around E trans (the latter is usually called 'transport energy'), contributes mostly to the transport process. The deep states, E<E trans , can be considered as traps, while E trans and LSs with E>E trans are mobility edge and 'conductive states', respectively. The method to calculate E trans should be introduced here. The transition rate of charge carrier from LS of the energy E to the LS of energy ' E , which are separated by the distance r , is described in this work in terms of Miller  is the frequency prefactor,  is the inverse localization length, k is the Boltzmann constant and T is the temperature. If transport is dominated by energetic rather than by positional disorder one can assume that the typical release frequency of a carrier from LS with the energy E ,   E  , depends only on the energy of this LS, E . This assumption will be justified by comparing of theoretical results with data of experiments and Monte-Carlo simulations in GDM (see below). The steep dependence of the transition rate on energy difference and separation in space together with positional disorder implies that one of neighbor target states is strongly preferable. Following the work (Arkhipov et al., 2001a) , one can define the typical release frequency ω(E) by the condition, that the mean number of neighbors for the LS of energy E , which are available during the time shorter than ω -1 , is equal to unity. This number is a sum of 2 terms, n(E, ω)= n ↓ + n ↑ , the latter and former accounting for upward and downward (in energy) jumps, respectively. The result is One has to note that transport energy was introduced previously by different ways (see Baranovskii et al., 2000; Schmechel, 2002) . The results of the calculation of the temperature dependence of E trans from Eqs. (3) and (4), using for several values of σ are shown in Fig. 1 (solid lines), providing that 2γN -1/3 =10. For comparison, Fig. 1 shows the temperature dependences of the transport energy, obtained using the method of Baranovskii et al., 2000 (dash-dotted lines) , and the results of the calculations under the assumption that returns to the initial states are absent, as in the cited work (dashed lines). The difference between the two latter results at not too high temperatures, T < 200 K, does not exceed kT. The same conclusion results from the comparison with results of Schmechel, 2002 (in that work the transport energy defined as the maximum of energy dependent "differential conductivity", that describes the contribution of states with given energy E to the total conductivity). This supports the notion that the definition of E trans by Eq. (4) is in good agreement with the statement that LSs with energies around E trans contribute mostly to the transport and hence E trans is in analogy with 'mobility edge' of MT model. Thus, both release and capture of charge carriers for LSs with energies E<E trans , which are characterized by the typical frequency ω(E), see Eq. (2), and by energy-independent capture time τ 0 =exp (-2γa) , respectively, can be described in complete analogy with MT model, E<E trans being the mobility edge. The states with energies E<E trans are referred below as traps.
Analytic theory of non-equilibrium transport

Equation of non-equilibrium transport
One has to remember, that in a TOF experiment, charge carriers are generated in the upper portion of the DOS, relative to quasi-equilibrium state. That implies subsequent energetic relaxation (thermalization) of charge carriers. It occurs simultaneously with transport, and should be considered as a two-step process (Monroe, 1995; Arkhipov & Bässler, 1993b; Nikitenko, 1992) . The first step is a sequence of fast jumps downwards in energy right after a carrier was started at 0 t  . The characteristic time of this process cannot exceed  is much shorter than all other characteristic times. One has to remind also the approximation of demarcation energy, which simplifies greatly the analytic modeling of energetic relaxation of charge carriers [Arkhipov & Rudenko 1982b; Arkhipov & Nikitenko 1992; Arkhipov & Bässler 1993b] 
In the simplest approximation, all traps are deep, if
, and vice versa.
On the basis of the formal analogy between MT and hopping at 0 t   , as discussed above, one can describe the time-and coordinate-dependent density of charge carriers   , p x t by the following differential equation, which was derived previously in the framework of MT model (Arkhipov & Nikitenko, 1989) ,
where 0 F is the strength of applied electric field,   
where the mobility in «сonductive» states is introduced as
Obviously,
In a typical TOF experiment the condition 0 eF L kT  is fulfilled and hence diffusion could be neglected in comparison to drift. However, in a disordered system there is an additional spreading of an initially narrow sheet of charge carriers that gives rise to the diffusion-like term in Eq. (6). This kind of spreading was analyzed analytically for quasi-equilibrium conditions (Arkhipov & Bässler, 1993a) 
. Remember that conventional diffusion is neglected and hence charge carriers cannot penetrate to the region 0 
e. all traps are deep and occupation of all traps is offequilibrium. In course of thermalization, the lower energetic boundary
states, that are in quasi-equilibrium, moves towards deeper states. Shortly after charge carriers were generated, however, transport is exclusively dominated by deep traps i.e. it is entirely dispersive. Time duration of this period is defined by the condition Arkhipov & Rudenko 1982b) . Under this condition one can neglect the term p t   as well as field-diffusion term can be neglected in comparison with right-hand side of Eq. (6). Since eq. (6) transforms to the ordinary dispersive transport equation (Arkhipov & Bässler 1993b) ,
The solution of Eq. (12) is
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in the limit of long time and hence Eq. (6) reduces to the usual drift-diffusion equation, which describes quasi-equilibrium transport with time-independent mobility eq  and field-dependent diffusion coefficient Feq D . These constants are defined by Eqs. (7), (8) with
Thus, the system of Eqs. (6)- (9) provide an analytic description of hopping transport of charge carriers in dispersive transport regime and allow also to analyze subsequent relaxation towards quasi-equilibrium. Coefficients and time dependencies from Eq. (8) will be analyzed extensively in the following section.
Non-equilibrium drift and field-stimulated diffusion
Using Eqs. (1), (2) and (8) 
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where m  1, 2, and
is the complementary error function. Eqs.
(2), (7) and (14) 
From eqs. (7) and (14) one obtains the following analogue of the Einstein relation of time dependent mobility and field diffusion coefficient,
In the long time limit, t>>t eq_D , this ratio reaches a maximal value, Fig. 4 
Simulation data in the work Pautmeier et al., 1991 on a system with pure energy disorder Eqs. (7), (14) and is normalized by the minimal value of GDM diffusivity. The time is normalized by the typical hopping time Bässler, 1993) . Both dependences are in good agreement. They bear out a minimum at 
Transient current in time-of-flight experiment
Time-of-flight is the conventional technique for studies of electron-hole transport behaviors in materials with long dielectric relaxation times. By this method, one measures the time required for a sheet of carriers generated by a short flash of radiation to transit a sample of known thickness. A polymer layer, typically 1-30 m in thickness is placed between two blocking electrodes, at least one of which must be semitransparent. The sample is used as a capacitor in an RC circuit. The applied voltage charges the capacitor to a potential V and then sample is illuminated by a highly absorbed flash of radiation. The duration of the light impulse is short compared to the transit time. The flash generates a sheet of carriers that then drift across the sample. R is selected such that RC is much less than the transit time. This arrangement is described as the small current mode. Under these conditions, the voltage across R is proportional to the current flowing in the sample, j(t). When the carriers exit the sample, a sharp decrease in the current is observed. The time corresponding to the decrease in current is usually defined as the transit time, the time required for the sheet of charge to transit a thickness L. If transport is quasi-equilibrium, the transit time is related to the mobility  as
For polymers, it can usually be assumed that prior to charge injection, the field in the sample is uniform and given as V/L. In order that the field in the sample is not perturbed by the injected charge, the experiments are performed so that the injected charge is small compared to the charge on the electrodes. The analysis of non-equilibrium transport is highly complicated, see below. Eqs. (10) together with the following equation (Arkhipov & Rudenko, 1982b) 
solve the problem to calculate the transient current under TOF conditions. Accounting the condition One can simplify the highly complicated time dependence   j t as defined by Eqs. (10), (20) for the relevant case of moderately non-equilibrium transport,
Estimating integrals in Eqs. (10), (20) for this case yields , greatly exceeds the value predicted by conventional diffusion (Bässler, 1993; Borsenberger et al., 1993b) . Using Eq. (22) one obtains (Fig. 3 ). (Fig. 4) . This transport regime will therefore be referred to as quasi-dispersive. One should expect that in the quasi-dispersive regime the normalized time dependences j(t/t tr )/j 0 for different L and F 0 are universal, since W does not depend on these parameters. This kind of scaling is a well-known signature of dispersive transport. However, in accordance with previous GDM results (Bässler, 1993; Pautmeier et al., 1991) , this work indicates, that there is also scaling in non-dispersive TOF transients provided that there is 
also scaling in non-dispersive TOF transients provided that disorder is sufficiently strong ( _ eq D tr t t  ) but below the critical value at which transit time dispersion commences and by the transit time tr t . Obviously, charge transport must become dispersive in thin samples when the transit time is short enough (Bässler, 1993; Pautmeier et al., 1991) . Fig. 9 shows the calculated occurrence of dispersive transport in a thin film, 100 L nm  . Other parameters are the same www.intechopen.com 
Transient electroluminescence from light-emitting diodes
Transient electroluminescence (TrEL) is widely considered as a general technique for determination of charge carrier mobility in thin organic films (L  100 nm). A typical singlelayer OLED is similar to a sample for TOF measurements. TrEL measurements have the advantage that they provide information directly from the light emitting device. The delay time, i.e., the time lag between applying a rectangular voltage pulse to the device and the first appearance of electroluminescence (EL), is identified as the time until the two leading fronts of injected carriers-holes and electrons-meet in the device. Zone of the most intensive EL is typically a narrow sheet (several nanometers in thickness) in proximity to one of the electrodes because of strong asymmetry of hole and electron mobilities (Crone et al., 1999; Friend et al.. 1999) . Consequently, the transport of the fast carriers across almost whole layer is the key process for the EL onset.
The injection-limited regime
Injection of holes is limited by a sufficiently high energetic barrier in this regime. Space charge density of holes is small, hence electric field is approximately uniform, except of a thin layer near the cathode. It is instructive to examine the possibility of non-equilibrium transport for this case. At the first glance, initial energy distribution of injected carriers should be rather "cold" in order to preclude their subsequent energetic relaxation. However, one has to remember that (i) the DOS is shifted to lower energies in the proximity of the electrode by the image-force Coulomb potential and (ii) energetic disorder provide the possibility of downward jumps. One can estimate the initial density of occupied states (DOOS) as a product of the DOS and the rate of initial jumps (Gartstein & Conwell, 1996) , namely 
 
TrEL is considered here providing that holes moves much faster than electrons, hence the recombination zone is located next to the cathode at the initial (after the switching of voltage pulse at 0 t  ) time period. The anode and the cathode are located at 0 x  and x L  , respectively, L is the film thickness. The recombination current density,   R J t , which is proportional to TrEL intensity, is the product of the conduction current density of holes,   , J L t , incoming to the recombination zone, and the probability of radiative recombination,
The latter function increases with time (adiabatically slow relative to the first one) due to (i) slow increase of electron density and (ii) slow increase of mean lifetime of singlet excitons because of slow (dispersive) transport of electrons apart from the cathode. Therefore, the function   t  is determined by rather complicated physical processes. It can be introduced, however, in a simple phenomenological way in order to reduce the number of model parameters. It is known that TrEL kinetics shows often two different rise times, which are connected with transport of electrons and holes, respectively (Pinner et al., 1999) . Thus, one can write the function   t  in this case as follows:
where tr t is the transit time of holes, The time dependence of   , J L t is discussed at first, providing rather high energy barrier for injection of holes, hence the electric field is uniform. One obtains 
where h J is the injection current density of holes and p (x, t) is the distribution function of holes, being injected by short pulse at 0 t  see Eq. (10). It can be approximated by the Gaussian function, if
This function is characterized by time-dependent coefficients of FAD,
is the strength of applied electric field, V and bi V are applied and built-in voltages, respectively. Eqs. (27) and (28) yields
Quasi-equilibrium transport regime is established at the long-time limit, 
Following to the work Many & Rakavy, 1962 , hence neglecting any diffusion, the density of holes next to the cathode can be written as the step-like function, 
The time 1 t is the transit time of holes, it is defined as   Obviously, the transit time can be determined by the method of the work (Pinner et al., 1999) , see dashed lines, and this time is very close to the half-rise time of TrEL, 1/2 t (see also 
Conclusion
It has been shown that in energetically and spatially random hopping systems, there is a time domain in which the transport is neither fully dispersive nor quasi-equilibrium. It is referred to as a quasi-dispersive regime. It is the time domain in which the charge carriers in the top portion of the density of states distribution that contribute most to the current are already equilibrated while the entire ensemble of photoexited carriers still relaxed towards the bottom states. Previous Monte-Carlo simulations delineated that field-assisted diffusion increases at long time domain although the carrier mobility has saturated already (Pautmeier et al., 1991; Borsenberger et al., 1993b) . The present analytic theory is able to account for the quasi-dispersive features, i. e. scaling of normalized transient currents with anomalously large tails at different values of sample thickness and field strength as well as almost equilibrated transport borned out by the plateau in the   j t dependence. It also provides a quantitative explanation for the experimentally observed and simulated spread of the transit times, quantified by the dispersion parameter
as a function of sample thickness, energy disorder parameter and electric field strength (Borsenberger et al., 1993a,b) . The theory applies to the case of moderate electric field and field dependence of mobility is not considered here. Hirao et al., 1995; 1999 attempt to interpret experimental data on the field dependence of carrier mobility under weak field, based on the assumption that the transport is quasiequilibrium at all times. Simple analytic expression for   Effects of anomalous field-assisted dispersion on initial TrEL kinetics cannot be ignored, basing on arguments following from both theoretical and experimental data. Transit time of fastest charge carriers (holes) can be identified rather with half-rise time of TrEL (in analogy with half-decay time of TOF signal (Bässler, 1993) , than with the delay time. The latter is a measure of a time of flight of fastest fraction of holes which hopping paths include only the states with energies shallower than the mean energy of occupied states in quasi-equilibrium regime, 2 kT  
. One can overestimate the mobility (in the case of our experimental device, by a factor 4) if the delay time is taken as a transit time. The same conclusion was made in the work Pinner et al., 1999 . The method of this work is appropriate in our case as well (see Fig. 12 ). In general, the method of half-rise time seems to be more appropriate if the longtime TrEL kinetics is not pure exponential and the steady-state level can be observed clearly.
Most of recent studies of charge transport are focused on behaviour of carrier mobility; this chapter is focused on less studied problem of dispersion of charge carriers in space. The objective was to emphasize that a carrier's non-equilibrium manifestations are much wider than effects of dispersive transport. Results of this chapter provide options for analytic modeling and correct determination of material's parameters from data of time-of-flight and transient electroluminescence measurements.
